ABSTRACT
INTRODUCTION
A cornerstone of glycobiology research has been the study of carbohydrate-protein interactions. Carbohydrate-binding proteins, generally known as lectins, play a key role in these interactions and have been identified in a diverse range of tissues, cells and organisms. They are known to be involved in many normal and pathological processes, including cell-cell and host-pathogen adhesion mechanisms (22) . The complex nature of these interactions, together with the added structural diversity of carbohydrates, has not facilitated rapid progress in this area of glycobiology research.
Neoglycoconjugates, a generic term often used to describe a variety of synthetic carbohydrate-based structures, are powerful tools in many areas of cell biology (11) . The well-defined and homogenous nature in which any carbohydrate group(s) can be presented, together with the provision of creating multivalent carbohydrate ligands, is unrivaled by other naturally available substances. Neoglycoconjugates, immobilized to different solid phases, have been used in a variety of applications for the analysis of carbohydrate-protein interactions. Some of these studies have used the inert properties of the acrylamide polymer. A variety of approaches have been described for the synthesis of sugar-acrylamide copolymers (4, 6, 9, 10, 13, 24) , wherein the acrylamide provides an inert backbone for the presentation of the sugar. These principles have been used in affinity chromatography (21) and cell-adhesion assays (19) . The method of synthesis described by Bovin (4,13) provides a convenient and reproducible way of preparing well-defined, acrylamide-based neoglycoconjugates. These structures have been used in a variety of approaches including lectin studies (1), immunoassays (18, 23) and as immunosorbents in transplantation studies (15) . More recently, these neoglycoconjugates have been coated onto paramagnetic particles to facilitate the selection of specific cell populations (16, 17) .
The trapping of ligands in polyacrylamide or agarose gels has previously been described in affinity-electrophoresis techniques (7, 8) . The principle is based on the interaction of an immobilized ligand with a migrating macromolecule. Although there are many variants of this approach, the full potential using the new neoglycoconjugate technology has yet to be realized in electrophoretic analyses of carbohydrate-binding proteins.
The method we describe combines the specificity of carbohydrate affinity (CA) interactions with the resolving power of gradient polyacrylamide gel electrophoresis (PAGE). Thus it is possible to simultaneously isolate a specific carbohydrate-binding protein while still retaining the traditional electrophoretic separation of nonbinding proteins in a single vertical slab gel. We call this analytical technique CA-PAGE, and it offers a novel approach for the study of carbohydrate-binding proteins.
MATERIALS AND METHODS

Neoglycoconjugate Polymer Synthesis
Saccharide-polyacrylamide (PAA) conjugates or neoglycoconjugates ( Figure 1A) were prepared by addition of the saccharide, of >95% purity as a 3-aminopropyl glycoside (4, 13) triethylamine, to a solution of poly(4-nitrophenylacrylate) and kept at 25°C for 16 h. Allylamine was added to the solution and kept at 40°C for 24 h. Subsequent concentration of allyl and sugar groups on the neoglycoconjugate was 5 and 20 mol percent, respectively. Thus 5% of available amide groups on the PAA were substituted with allyl, while 20% were substituted with sugar. A further 16-h incubation was carried out in DMF with a 20-fold-50-fold excess of 2-ethanolamine. Purification of the saccharide-PAA-allyl conjugate was then performed using a Sephadex ® LH-20 column (Amersham Pharmacia Biotech, Uppsala, Sweden), and the conjugates were eluted with acetonitrile:water (1:1 by vol). Saccharide-PAA-allyl conjugate was detected by refractive index. As determined from protein markers by gel filtration, the relative molecular weight ( M r ) of conjugates was approximately 30 kDa.
Preparation of Carbohydrate Affinity Gels (CA-PAG)
All electrophoresis experiments were performed using a Mini-Gel Apparatus (Model SE250; Amersham Pharmacia Biotech, San Francisco, CA, USA). The preparation of single-concentration or gradient-resolving gels comprising a high-pH discontinuous Tris buffer system (pH 9.5) was as described elsewhere (5). The stacking gel however was made in two polymerization steps: the affinity gel layer and then the normal stacking-gel overlay. A stacking-gel solution was prepared comprising 5% acrylamide, 0.03% ammonium persulfate in 0.125 M Tris-HCl buffer (pH 6.8) and degassed for 10 min. The affinity gel comprised 0.2 mL of this solution mixed with up to 213 µ g/mL neoglycoconjugate, together with 0.1% N , N , N ′ , N ′ -tetramethylethylenediamine (TEMED). The solution was immediately added to the gel cassette to form a 5-mm overlay that covers half of the top surface of the resolving gel (Figure 2 ). After polymerization, the surface of the gel was rinsed and, the remaining acrylamide solution, without neoglycoconjugate, was used to form the second layer of the stacking gel. Sample wells in the second layer of stacking gel were formed using a Teflon ® comb in the traditional manner.
Electrophoresis and Western Blotting
A panel of lectins (Oxford Glycosystems, Oxford, UK) with different carbohydrate-binding specificities (Table 1) were used as test carbohydratebinding proteins. Lectins (20 µ g) were prepared for electrophoresis in a sample buffer comprising 0.025 M TrisHCl buffer, pH 6.8, 0.05 mM CaCl 2 , 20% glycerol and trace bromophenol blue. Some lectins are known to require metal ions (usually Mn 2+ or Ca 2+ ) for their interaction with sugars, and it might be necessary under certain conditions to include these in the sample and/or running buffers. Nonreducing native gel electrophoresis was performed at 4°C at 70 V for 5-6 h. After electrophoresis, the gels were either prepared for Western blotting as described below, or the resolving and stacking gels were fixed and stained in Coomassie ® Blue. CA gels and nitrocellulose membranes for Western blotting were pre-soaked in buffer (0.2 M glycine, 0.25 M Tris-HCl, pH 9.5) containing 0.1 M of the competing free saccharide previously used in the CAgel overlay. Blotting was performed overnight at 4°C at a fixed current of 0.3 amps. Transferred lectins were then visualized on nitrocellulose membranes using 0.1% solution of Amido black in 45% methanol and 10% acetic acid for 10 min. The nitrocellulose blots were then destained briefly in 10% acetic acid until the background was clear.
RESULTS AND DISCUSSION
We have shown that specific ally - Figure 1, A and B) . Also, when incorporated as a layer between the resolving and stacking gels (Figure 2 ), this affinity gel matrix provides a unique separation phase in PAGE. The properties of the polyacrylamide gel, such as the rate of polymerization and stability and handling, are unaffected by concentrations of neoglycoconjugates (up to 250 µ g) sufficient to inhibit the migration of 10 µ g of pure lectin ( Figure  3 ). In addition, the Tris-glycine buffer system used in our approach permits the separation of proteins within a wide range of isoelectric points (pI), while still allowing the separation and binding of carbohydrate-binding proteins, such as wheat germ agglutinin (WGA) (pI ca. 9.0).
In model experiments using a panel of lectins as carbohydrate-binding proteins (Table 1) , the electrophoretic mobility of selected proteins was inhibited by electrophoresis through an affinity gel layer containing immobilized neoglycoconjugates (Figure 3 and 4) . The migration of lectins, with no binding specificity for the affinity gel, continued unhindered into the resolving gel. This feature was clearly seen in the electrophoresis of the β -N-acetylglucosamine ( β GlcNAc)-binding lectin WGA through an affinity gel layer containing the β GlcNAc neoglycoconjugate ( Figure 4A ). The remaining lectins (Con A, SBA, PNA, DBA, GNA and UEA) that are not specific for the β GlcNAc neoglycoconjugate were unaffected by the affinity gel layer and thus migrated into the native resolving gel. Similarly, only the β -Nacetylgalactosamine ( β GalNAc)-binding lectin (SBA) was retarded by the β GalNAc neoglycoconjugate, while those lectins not specific for this carbohydrate continued to migrate through the resolving gel (Figure 4B) . Interestingly, this also shows the specificity of interactions detected by this approach because the α GalNAc-binding lectin (DBA) and the β -galactose-specific lectin (PNA) were both unaffected by the β GalNAc neoglycoconjugate affinity gel layer.
Our approach, in principle similar to affinity chromatography, provides the additional benefit of simultaneous separation of proteins by native gel Vol. 25, No. 1 (1998) BioTechniques 149
Color Photo -For position only electrophoresis. Analyses can be performed on crude mixtures of proteins, where separation of the carbohydratebinding protein does not affect the resolution or mobility of other nonbinding proteins ( Figure 4C ). Furthermore, depending on the concentration of neoglycoconjugate, the specific carbohydrate-binding protein can also be retained as a narrow band in a small volume of acrylamide (ca. 4 mm 3 ). Subsequent analysis of the isolated native proteins is also possible through the electro-transfer of proteins to a membrane support such as nitrocellulose (Western blotting). The electrotransfer of carbohydrate-binding proteins from the affinity gel matrix is illustrated for the β GlcNAc-binding lectin (WGA), which was blotted in transfer buffer containing 0.1 M GlcNAc ( Figure 5 ). This simple transfer of carbohydrate-binding proteins from the affinity gel matrix permits further analyses such as immunostaining or sequencing. Although the Tris-glycine buffer system is not the buffer of choice for subsequent sequence analysis, extensive washing of transfer membranes is often regarded as a sufficent pretreatment.
The CA-PAGE technique, in a single slab gel, separates proteins on the basis of functional characteristics in addition to the more traditional size and charge criteria of a native gel electrophoresis fractionation. However, the technique can also be incorporated into a two-dimensional analysis (Figure 2 ). The region of the affinity gel containing the carbohydrate-binding protein(s) can be cut out (6 × 2-mm slice) and placed in a stacking well of a denaturing sodium dodecyl sulfate (SDS) polyacrylamide gel. The subsequent electrophoresis provides additional information regarding the subunit structure of the carbohydrate-binding protein. One significant advantage is the ability to compare multiple samples in the same second-dimension gel.
There are many areas in both clinical and basic research where the CA-PAGE approach could be used. Prion proteins are thought to bind sulfated glycans in brain tissues (20) and these interactions could be studied using CA-PAGE. Lectins with identical binding properties, as recently documented in the Galectin family of β -galactosidebinding proteins (12) , could be resolved using CA-PAGE as the first dimension. CA-PAGE also provides a rapid approach in screening serum samples, cells or tissues for new carbo150BioTechniques
Vol. 25, No. 1 (1998) Figure 5 . Western blot of WGA and UEA from an affinity gel containing the saccharide β β GlcNAc.After CA-PAGE electrophoresis of WGA and a control non-β GlcNAc-binding lectin (UEA), the gel was transferred to a nitrocellulose membrane by electro-blotting. Amido black staining of the membrane illustrates the successful transfer of both the UEA control and the WGA from the affinity gel matrix. Lectins not specific for these saccharides migrate through the affinity gel matrix. Native CA-PAGE of normal serum (S1) with and without SBA (C) shows that the migration of nonbinding proteins is unaffected by SBA bound in the affinity matrix. Similarly, the binding of the SBA appears to be unaffected in the presence of a complex mixture of nonbinding proteins.
hydrate-binding proteins that can have prognostic or diagnostic value. The principles of CA-PAGE can also be applied in the study of carbohydrate-carbohydrate interactions between oligosaccharide chains on mucins. This type of interaction has been proposed as the basis of specific cell adhesion and autoaggregation mechanisms and, more recently, for the packing of Le x /Le x carbohydrate blood group structures, which may be compatible with cell-cell recognition (2, 14) . Thus, CA-PAGE provides a new angle of approach in a rapidly developing area of glycobiology, by combining the principles of neoglycoconjugate chemistry and traditional electrophoresis. We have shown that these technologies can be further exploited through CA-PAGE for unraveling the diverse and complex interactions of carbohydrates and their binding proteins.
